In this paper, by means of Advanced Rheometric Expanded System (ARES), oscillatory and steady shear behavior of binary mixtures of a quaternary ammonium based ionic liquid [Me 3 NC 2 H 4 OH] + [Zn 2 Cl 5 ] -with ethanol (EtOH) were determined at 25°C and 25-50°C, respectively. The effects of shear rate, temperature and concentration on viscosity were elucidated sufficiently. It was found that the solutions show pseudo-plastic behavior at low shear rate and Newtonian property at higher shear rate. The addition of EtOH caused a substantial decrease in viscosity of the ionic liquid and the viscosity of binary mixtures could be described by an exponential equation. Arrhenius Equation and Power Law equation were applied to describe the respective effects of temperature and shear rate on viscosity. Activation energy derived from Arrhenius equation decreased with increasing the EtOH fraction in the mixture.
INTRODUCTION
Room temperature ionic liquids (RTILs) are a novel class of organic salts composed of cations and anions, melting at or close to room temperature. RTILs have many advantages [1 -3] over conventional organic solvents and most of them possess good miscibility with organic solvents. Owing to their unique properties such as negligible vapor pressure and wide liquid range, RTILs are recognized as green solvents and have attracted increasing interest in recent years.
Since RTILs are much more viscous than normal organic solvents and water, investigation of the effect of an added solvent on viscosity of ionic liquid is an important and interesting subject. Detailed knowledge on the rheological behavior of mixtures of RTILs with organic solvents is important for the design of many technological processes such as synthesis and separation. Seddon et al. [4] found that the presence of solutes could increase or decrease the viscosity of ionic liquid and the viscosity of a binary mixture could be predicted using a single exponential equation. Heintz et al. [5] and Wang et al. [6] found that, for the binary mixtures of ionic liquid and organic solvent, the excess molar volume, V m E was negative while the excess logarithm viscosity, (ln h) E was positive, as explained in terms of the ion-dipole interactions between the ionic liquid and the organic solutes. More recently, Wagner et al. [7] obtained the shear viscosity as a function of temperature and concentration for binary solutions of [C 6 [9] . It has been recognized that the addition of organic solvent or water into ionic liquid or an increasing of temperature causes a reduction of viscosity.
However, up to now, the viscosity investigation is limited to a few systems and most of them comprise imidazolium or pyridinium cation based ionic liquid. There is a lack of detailed study on the rheological properties of RTILs and their mixtures with other solvents. Rheological study provides additional information for better understanding the properties of RTILs, differing from the knowledge from fluorescent probing and phase diagram.
Rheological investigation is important for understanding of liquid behavior of many complex solutions, e.g. dead sea shampoo [10] , hydrated maize starch [11] , and concentrated chitosan solution [12] . In this work our interest is focused on rheological properties of binary mixtures of a quaternary ammonium based ionic liquid and ethanol (EtOH) under various conditions including mixing ratio, temperature and shear rate. The ionic liquid is prepared by mixing ZnCl 2 with choline chloride and it is relatively water and air stable [13 -14] ; its low cost enables its possible use in large-scale applications, e.g. zinc and zinc alloy deposition, batteries. We previously carried out radiation polymerization in this RTIL and its mixtures with EtOH, DMF, and THF [15 -16] . We believe that the rheological data of the binary mixture of this RTIL and EtOH is useful for chemical engineering and provides an insight into the interactions in RTIL. A single exponential equation was found to fit the viscosity data well and Arrhenius and Power Law equations were applied to describe the respective effects of temperature and shear rate on viscosity.
EXPERIMENTAL SECTION

MATERIALS
A quaternary ammonium based ionic liquid [Me 3 NC 2 H 4 OH] + [Zn 2 Cl 5 ]was prepared by heating mixtures of choline chloride and ZnCl 2 in a molar ratio of 1:2, according to the literature method [13] . The liquid was kept in vacuum at 100°C overnight to remove the moisture and volatile impurities before use. All chemicals used were of analytical grade. EtOH was distilled under reduced pressure prior to use.
Rheological measurements
Rheological measurement was carried out on the Advanced Rheometric Expanded System (ARES, TA instrument). Steady shear viscosity and dynamic mechanical properties were measured by the couette (cup diameter, 34 mm; bob diameter, 32 mm; and bob length, 33 mm) geometry for dilute solutions and by the parallel plate (25 mm diameter) geometry for viscous solutions. The steady shear viscosity was carried out in the temperature range of 25 -50°C at shear rates between 10 -2 and 10 2 s -1 . The dynamic shear prop-erties were performed at 25°C with frequency varied between 10 -1 and 10 2 rad/s. In all measurements, a trap was employed to prevent any evaporation of ethanol or moisture absorption. Dynamic frequency sweep measurements were carried out in the linear viscoelastic regime of the samples. All measurements were performed at least in duplicate and the temperature deviation was ± 0.1°C.
RESULTS AND DISCUSSION
DYNAMIC ANALYSIS
The oscillatory shear behavior of all samples except pure EtOH were studied at 25°C, because the storage (elastic) shear modulus G' and loss (viscous) modulus G" of pure EtOH could not be obtained for the limits of instrument. Figure 1 shows plots of G' and G" as functions of shear rate for pure ionic liquid. It can be observed that the G' and G" of pure ionic liquid are both strongly dependent on the frequency and G" is much larger than G', indicating that pure ionic liquid is mainly viscous. Figure 2 illustrates the viscous behavior of mixed solutions for comparison. The binary solution becomes more viscous with increasing the volume fraction of RTIL. The viscous moduli increase linearly with an increasing of frequency except for the 20v/v% RTIL in which there is a plateau at ~ 100 rad/s. Moreover, by increasing the RTIL concentration from 20 to 100 v/v %, the viscous modulus is increased nearly by five orders of magnitude, i.e. from ca. 0.01 to 1000 Pa at 10 rad/s. Figure 3 shows the viscosities of all the samples determined at 25°C. It seems that the solutions show shear thinning at low shear rate but Newtonian flow behavior at higher shear rate. Pseudo-plastic behavior can be described by the Power Law model (1) or (2) where s is shear stress (N/m 2 ), g · shear rate (s -1 ), h a the apparent viscosity (Pa s), k the consistency coefficient and n the flow behavior index. k and n are derived from the double logarithmic curve of the shear stress (or viscosity)-shear rate relationship.
STEADY ANALYSIS
Effect of shear rate on viscosity
Power law coefficients for viscosity curves in the range of 1 -25.1 s -1 at 25°C are obtained with correlation coefficients greater than 0.998. The value of n is approximate to unity except for pure EtOH and 20 v/v% RTIL. We know as for Newtonian liquid, n = 1 and k = h 0 , where h 0 is zero shear viscosity. If the greater is the deviation from n = 1, the stronger is non-Newtonian property. Accordingly, we conclude that the solution is nearly a Newtonian liquid in the considered shear rate range. The steady shear behavior of all samples was examined at 25 -50°C with an increment of 5°C. The apparent viscosity of 50 v/v% RTIL solution plotted as functions of temperature and shear rate is shown in Fig. 4 . As expected, over the whole investigated temperature range, the solution viscosity decreases with increasing temperature. At each temperature, the curve has a similar tendency indicating a progressive path to the Newtonian fluid behavior at higher shear rate. Figure 5 presents consistency coefficient for solution viscosity curves in the range of 1 -25.1 s -1 at 25 -50°C. It can be observed that the value of k is decreasing with increasing temperature and the temperature dependence is large. Especially for the pure ionic liquid, k decreases sharply from 163 at 25°C to 87.4 at 30°C and 12.6 at 50°C.
Effect of temperature on viscosity
The temperature dependence of viscosity was studied for selected samples over the temperature range of 25 -50°C and we fitted the plots by the logarithmic form of Arrhenius equation (3) where h a is apparent viscosity, E h , activation energy (J/mol), R the gas constant (8.314 J mol -1 K -1 ) and T the absolute temperature (K). The activation energy for viscous flow (E h ) and the viscosity at infinite temperature (h ∞ ) were calculated from the slope and intercept of the Arrhenius plot, respectively. E h is the energy barrier that must be overcome in order for the ions to move past each other in the RTIL or RTIL/EtOH mixture. The value of E h is correlated with structural information of solution. The larger E h of RTIL indicates that it is harder for the ions to move past each other, probably due to stronger ionic interactions in the RTIL. At infinite temperature, interactions that contribute to viscosity at room temperature in RTIL are no longer effective and the viscosity (h ∞ ) is governed purely by the geometric structure of ions. Hence h ∞ represents a structural contribution of ions to the viscosity. Since E h has been found to be both concentration and shear rate dependent, it was measured at 1 -25.1 s -1 in this work.
The [14] . As shown in Table 1 , E h increases from 20.59 to 81.54 kJ·mol -1 with increasing the RTIL volume fraction from 20 to 100%. For further confirmation, we also did the temperature ramp of pure RTIL and obtained the E h as 82.75 kJ·mol -1 . The large discrepancy in E h of the pure ionic liquid between Abbott et al. [14] and us is not understood, it may be due to the purity of materials (impurity, moisture, etc.).
The dependence of E h on volume fraction of RTIL is further plotted in Fig.6 . The data can be mathematically fitted by a second order polynomial 28.62 ± 1.12 RTIL/EtOH v/v 6/4 (3.97 ± 0.2) · 10 -8 39.37 ± 0.12 RTIL/EtOH v/v 8/2 (4.03 ± 0.37) · 10 -9 50.99 ± 1.37 pure RTIL (8 ± 0.57) · 10 -13 81.54 ± 0.2 where y refers to E h , v refers to volume fraction of ionic liquid. B j (j = 0, 1, 2) are fitting parameters, corresponding to 24.23, -36.07, 92.24, respectively. Figure 7 shows a plot of the viscosity of binary mixture against mole fraction of EtOH. An exponential equation proposed by Seddon and coworkers [4] is used to fit the data with a correlation coefficient > 0.999.
Effect of EtOH concentration on viscosity
where x s is the mole fraction of EtOH, a is a constant characteristic for the mixture, and h(IL) is the viscosity of pure ionic liquid. Considering the logarithmic scale in Fig. 7 , it is clear that the viscosity decreases rapidly when EtOH is added to the ionic liquid. We interpret this result by the fact that the strong coulomb interaction and hydrogen bonding between the ions are weakened upon the addition of ethanol, leading to a higher mobility of the ions. The viscosity of EtOH is appropriately 1 cP, very close to that of water at room temperature; while the viscosity of the pure RTIL is 160 Pa·s, approximately 1.6 x 10 5 times higher than that of EtOH. The added EtOH tunes the viscosity of RTIL but the viscosity of binary mixture does not follow the linear logarithmic addition of the viscosities of EtOH and RTIL.
Excess property of a solution is defined as the difference between the actual mixture property and that would be obtained for an ideal solution under the same condition. Here, excess logarithm viscosity is applied to represent the deviation from an ideal rheological behavior of Table 2 ).
(6) Figure 8 shows the variation of (ln h) E as a function of mole fraction of the ionic liquid. It is clear that all values are positive in the studied range of composition for the binary mixtures. The maximum value is at about x = 0.38. This indicates probably a phase transformation in the vicinity of x = 0.38, i.e. the change from the EtOH enriched phase to the RTIL enriched phase. Wang et al. [6] previously also suggested that an unusual structure possibly occurs in the vicinity of x = 0. property at higher shear rate. Viscosity of the RTIL was greatly decreased by the addition of EtOH and activation energy of the RTIL/EtOH also decreased with increasing the EtOH fraction. Additionally, excess logarithm viscosities were positive for all the binary mixtures and the maximum point was observed at x RTIL = 0.38.
